miRNAs silence their complementary target mRNAs by translational repression as well as by poly(A) shortening and mRNA decay. In Drosophila, miRNAs are typically incorporated into Argonaute1 (Ago1) to form the effector complex called RNA-induced silencing complex (RISC). Ago1-RISC associates with a scaffold protein GW182, which recruits additional silencing factors. We have previously shown that miRNAs repress translation initiation by blocking formation of the 48S and 80S ribosomal complexes. However, it remains unclear how ribosome recruitment is impeded. Here, we examined the assembly of translation initiation factors on the target mRNA under repression. We show that Ago1-RISC induces dissociation of eIF4A, a DEAD-box RNA helicase, from the target mRNA without affecting 5 0 cap recognition by eIF4E in a manner independent of GW182. In contrast, direct tethering of GW182 promotes dissociation of both eIF4E and eIF4A. We propose that miRNAs act to block the assembly of the eIF4F complex during translation initiation.
INTRODUCTION
MicroRNAs (miRNAs) silence their complementary target mRNAs via formation of the effector ribonucleoprotein complex called RNA-induced silencing complex (RISC). The core component of RISC is a member of the Argonaute (Ago) proteins. In Drosophila, miRNAs are sorted into two functionally distinct Ago proteins, Ago1 and Ago2, according to their structural features and the identity of the 5 0 end nucleotides (Okamura et al., 2004 (Okamura et al., , 2009 Fö rstemann et al., 2007; Tomari et al., 2007; Czech et al., 2009; Kawamata et al., 2009; Ghildiyal et al., 2010) . Compared to fly Ago2, fly Ago1 shares more common features with mammalian Ago1-4, making it a suitable model for investigating miRNA-mediated gene silencing in animals (Hutvagner and Simard, 2008) . Ago1-RISC mediates translational repression as well as shortening of the poly(A) tail followed by mRNA decay (Behm-Ansmant et al., 2006) . While deadenylation per se disrupts the closed-loop configuration of mRNA and leads to inhibition of translation initiation, Ago1-RISC can repress translation independently of deadenylation . Such a deadenylation-independent ''pure'' translational repression mechanism seems to be widely conserved among species (Bazzini et al., 2012; Bé thune et al., 2012; Mishima et al., 2012; Iwakawa and Tomari, 2013) .
Ago is not the only protein involved in the miRNA-mediated gene silencing pathway. In flies, a P-body protein GW182 specifically interacts with Ago1, but not with Ago2, through the N-terminal glycine/tryptophan (GW) repeats and provides a binding platform for PAN2-PAN3 and CCR4-NOT deadenylase complexes (Braun et al., 2011; Chekulaeva et al., 2011) . This protein interaction network is conserved in animals including zebrafish, nematodes, and humans (Fabian et al., 2011; Kuzuoglu-Ö ztü rk et al., 2012; Mishima et al., 2012) . Accordingly, GW182 is essential for shortening of the poly(A) tail by miRNAs. On the other hand, recent studies revealed that miRNA-mediated translational repression occurs in both GW182-dependent and -independent manners Wu et al., 2013) . Our previous sedimentation analysis on sucrose density gradient suggested that both of the two translational repression mechanisms block recruitment of the ribosomal 43S preinitiation complex to the target mRNA independently of deadenylation .
In eukaryotes, recruitment of the 43S preinitiation complex is initiated by the formation of eukaryotic translation initiation factor 4F (eIF4F). eIF4F is a multiprotein complex composed of the capbinding protein eIF4E, which recognizes the 7-methyl guanosine (m 7 G) structure of the capped mRNA; the scaffold protein eIF4G, which interacts with 40S ribosome-associated eIF3 and bridges the mRNA and the 43S preinitiation complex; and the DEAD-box RNA helicase eIF4A, which plays a pivotal role in translation initiation supposedly through unwinding the secondary structure of the 5 0 UTR for landing of the 43S complex. In addition, the poly(A)-binding protein PABP stimulates translation initiation through its direct interaction with eIF4G (Jackson et al., 2010) . miRNAs likely block one (or more) of these steps to repress translation initiation. It was recently proposed that, in mammals, preferential recruitment of eIF4AII-one of the two eIF4A paralogs-is required for miRNA-mediated translational repression (Meijer et al., 2013) . This model postulates that eIF4AII acts to inhibit rather than activate translation, unlike its major counterpart eIF4AI. However, the role of eIF4AII in translation remains largely unexplored, as opposed to eIF4AI's well-established function to promote translation. Moreover, invertebrates have only one eIF4A, making this model incompatible in flies. Thus, it still remains unclear how miRNAs repress translation initiation. This is largely due to technical limitations in directly monitoring the assembly of the translation initiation complex specifically on the mRNA targeted by miRNAs.
Here, by using site-specific UV crosslinking, we examined the association of translation initiation factors on the target RNA under repression. We show that fly Ago1-RISC specifically induces dissociation of eIF4A from the target mRNA without affecting the 5 0 cap recognition by eIF4E in a manner independent of GW182 or PABP. On the other hand, direct tethering of GW182 to the target mRNA promotes dissociation of both eIF4E and eIF4A. We propose that miRNAs act to block assembly of the eIF4F complex during translation initiation, in addition to their established role in deadenylation and decay of their target mRNAs.
RESULTS eIF4A Depletion Attenuates miRNA-Mediated Translational Repression in S2 Cells
We have previously developed a cell-free system that faithfully recapitulates miRNA-mediated deadenylation and translational repression using lysate from Drosophila S2 cells expressing FLAG-tagged Ago1 Tomari, 2011, 2012) . We showed that, in this in vitro system, Ago1-RISC can efficiently repress translation of an engineered mRNA directly tethered to eIF4G, which requires eIF4A but not eIF4E or eIF4G. In contrast, translation driven by reaper IRES, which bypasses all eIF4E, eIF4G, and eIF4A, was refractory to Ago1-RISC-mediated repression. Based on these observations, we proposed that Ago1-RISC blocks an initiation step dependent on eIF4A action, downstream of eIF4G recruitment .
To investigate the role of eIF4A in miRNA-mediated translational repression in cellular conditions, we first conducted a luciferase reporter assay in S2 cells with each of the eIF4F components knocked down, as was previously performed in human cells (Meijer et al., 2013) . We first soaked S2 cells in doublestranded RNAs (dsRNAs) corresponding to each eIF4F component for 2 days to ensure efficient knockdown. On day 3, a Renilla luciferase (Rluc) reporter plasmid with eight let-7 binding sites (Rluc-let-7-A 114 -N 40 -HhR) ( Figure 1A ) was cotransfected with a control firefly luciferase (Fluc) plasmid, together with a plasmid expressing a minimal region of pri-let-7 or an empty vector (note that let-7 is not normally expressed in S2 cells). To monitor ''pure'' translational repression by let-7 miRNA, the Rluc reporter transcript was designed to bear a 114-nt poly(A) sequence internalized by a 40-nt unrelated sequence (A 114 -N 40 ), which protects the mRNA from deadenylation and decay, followed by the hammerhead ribozyme that precisely generates the 3 0 end by self-cleavage (Figure 1A ). On day 6 (3 days after reporter plasmid transfection), the cells were harvested, and the dual luciferase assay was performed. Knockdown of eIF4A, but not that of eIF4E or eIF4G, caused strong derepression of the miRNA reporter (Figures 1B and 1C) , in apparent agreement with the idea that eIF4A is specifically important for miRNA-mediated translational repression. (B) S2 cells were soaked in dsRNAs corresponding to the protein-coding region of eIF4E, eIF4G, or eIF4A on day 1, then transfected with the Rluc and Fluc reporter plasmids together with let-7-expressing plasmid or empty plasmid on day 3. The luciferase assay was performed on day 6. Each eIF4F components was efficiently depleted during day 3 to day 6. Mock indicates naive S2 cells.
(C) Luciferase reporter assay for Rluc-let-7-A 114 -N 40 -HhR in the S2 cells with each of the eIF4F components knocked down. Depletion of eIF4A, but not that of eIF4E or eIF4G, attenuated miRNAmediated translational repression. The Rluc/Fluc luminescence was normalized to the value of no let-7 expression (Àlet-7). The mean values ± SD from three independent experiments are shown. (D) Basal translation in S2 cell was severely impaired by depletion of eIF4F components. The Rluc luminescence (without being divided by the Fluc luminescence) was normalized to the value of the control dsRNA-treated cells (gfp [RNAi] ). The mean values ± SD from three independent experiments are shown.
However, we note that this result should be carefully interpreted, because the basal translation efficiency was-as expectedstrongly decreased by knockdown of any of the eIF4F components, especially eIF4A ( Figure 1D ). Changing the concentrations of initiation factors should create different rate-limiting steps in translation, which can change the effect of miRNAs on protein production or even mask the actual step in which miRNAs act, as was previously demonstrated by computational modeling (Nissan and Parker, 2008) . Hence, we sought to develop a method to directly monitor the effect of miRNAs on the formation of translation initiation complex without altering the kinetics of translation.
Detection of Translation Initiation Factors on the mRNA by UV Crosslinking
To precisely determine which step in translation initiation is targeted by miRNAs, it was necessary to specifically detect translation initiation factors assembled on a target mRNA. We constructed mRNAs bearing a short open reading frame (ORF) and the internalized 114-nt poly(A) sequence (sORF-A 114 -N 40 ) ( Figure 2A ). The mRNAs were in vitro transcribed in the presence of 4-thio-UTP instead of UTP; thus, all uridines in the mRNAs were substituted with photo-reactive 4-thio-uridines (4-thio-U). After transcription, the radiolabeled cap structure was attached at the 5 0 end. We engineered the 5 0 UTR sequence, with the first (4-thio-)U appearing at 2 nt or 13 nt downstream of the cap without having C in between ( Figure 2B ; 2U and 13U). We incubated these cap-radiolabeled sORF-A 114 -N 40 2U and 13U in the lysate and irradiated 365 nm UV to induce crosslinking of 4-thio-U with adjacent amino acids of mRNA-bound proteins. Then the mRNAs were digested by RNaseA, which cleaves the P-O positions (2U or 13U) remained attached to the radiolabeled cap and could specifically be detected by phosphorimaging ( Figures  2B and S1A ). Among the observed protein bands, an $30 kDa protein crosslinked with 2U was immunoprecipitated with anti-eIF4E antibody ( Figure 2C) , and an $50 kDa protein crosslinked with 13U was immunoprecipitated with anti-eIF4A antibody ( Figures  2D and S1B) . To confirm the identity of these proteins, we repeated the UV crosslinking in the presence of specific inhibitors against eIF4E or eIF4A-m 7 GpppG or hippuristanol-both of which strongly inhibit protein synthesis from luciferase reporter mRNAs ( Figures S1C-S1E ). m 7 GpppG, which competes with the cap recognition by eIF4E, abrogated crosslinking of eIF4E with 2U ( Figure 2E ). The m 7 GpppG cap competitor also impaired crosslinking of eIF4A with 13U ( Figure 2F ), consistent with the fact that the cap recognition by eIF4E is required for eIF4A recruitment. In contrast, hippuristanol, which inhibits the ATPase activity and RNA binding of eIF4A (Bordeleau et al., 2006) , abolished crosslinking of eIF4A with 13U but had no impact on the cap recognition by eIF4E with 2U ( Figures  2E and 2F ). These results corroborate the identity of the $30 kDa and $50 kDa crosslinked proteins as eIF4E and eIF4A, respectively.
Next, we examined the effect of the poly(A) tail and PABP on the assembly of translation initiation factors in our in vitro system. Through the interaction with eIF4G, PABP bridges the 3 0 poly(A) tail and the 5 0 cap structure to form the ''closed-loop'' configuration and stabilizes the association of initiation factors with the mRNA, thereby promoting protein synthesis (Borman et al., 2000; Gray et al., 2000; Kahvejian et al., 2005) . Indeed, in our in vitro system, translation was >10-fold lower when the reporter mRNA lacked the poly(A) tail (A 0 , Figures S1F and S1G) or when recombinant PAIP2, which prevents PABP from binding to the poly(A) tail (Khaleghpour et al., 2001) , was added to the poly(A) + reporter mRNA ( Figure S1H ). Crosslinking of eIF4E and eIF4A was also markedly inhibited by the loss of the poly(A) tail or by the addition of PAIP2 (Figures S1I and S1J). Together, these results indicate that our in vitro UV crosslinking approach can be used to faithfully monitor the cap-and poly(A)-dependent assembly of eIF4E and eIF4A on the mRNA.
Ago1-RISC Induces Dissociation of eIF4A
To determine exactly how miRNAs act on the assembly of translation initiation factors, we applied the UV crosslinking technique. We prepared reporter mRNAs bearing a 2U or 13U crosslinking site in the 5 0 UTR and zero or eight target sites for let-7 miRNA in the 3 0 UTR ( Figure 3A ). The poly(A) sequence was internalized (A 114 -N 40 ) to block deadenylation ( Figure S2A ), allowing us to monitor pure translational repression ( Figure 3B ). We incubated the photocrosslinkable sORF reporter mRNAs in lysate in the presence or absence of let-7 miRNA and performed the UV crosslinking to examine the association of eIF4E and eIF4A on the mRNAs under repression. Strikingly, crosslinking of eIF4A was strongly decreased when both let-7 and its target sites were present, whereas crosslinking of eIF4E was unaffected ( Figures 3C-3E ). Translational repression and eIF4A dissociation were only modest in naive S2 lysate without supplementation of FLAG-tagged Ago1 (Figures S2B-S2E; ÀFLAG-Ago1), because endogenous Ago1 is mostly preoccupied by endogenous miRNAs, and the amount of free Ago1 available for exogenous RISC programming is limited . These results suggest that Ago1-RISC induces dissociation of eIF4A in a sequence-specific manner without affecting the cap recognition by eIF4E. To examine if natural miRNA target sites can also induce dissociation of eIF4A, we constructed Rluc and sORF reporter RNAs bearing the 3 0 UTR of Drosophila vha68-1 mRNA that contains two miR-9 binding sites and the internalized poly(A) sequence ( Figure 3F ). Translation of the Rluc reporter was repressed by $2-fold ( Figure 3G ), and crosslinking of eIF4A but not that of eIF4E to the sORF reporter was decreased in the presence of miR-9b ( Figures 3H-3J ), underscoring the generality of miRNA-mediated eIF4A dissociation.
Can miRNAs promote dissociation of eIF4A even after the eIF4F complex is assembled on the target mRNA? To answer this question, we first incubated the sORF reporter mRNA for let-7 in S2 cell lysate for 30 min to assemble eIF4F, then mixed it with lysate containing let-7-programmed Ago1-RISC, and incubated it for another 30 min ( Figure 4A ). Ago1-RISC efficiently decreased crosslinking of eIF4A (Figures 4B and 4C) , suggesting that Ago1-RISC can actively dissociate eIF4A from preassembled eIF4F.
If Ago1-RISC acts to dissociate eIF4A but not eIF4E, increasing the eIF4A concentration might counteract such an effect. We prepared recombinant His-tagged eIF4E and eIF4A (Figures S3A and S3B) and added each of them to our in vitro system. Addition of excess eIF4E decreased the basal efficiency of in vitro translation ( Figure S3C ), presumably due to accumulation of translationally inactive complexes such as the eIF4E-eIF4G complex free from mRNAs and the mRNA-eIF4E complex free from eIF4G. In contrast, addition of eIF4A increased basal translation ( Figure S3D ), suggesting that eIF4A is a limiting factor in our in vitro system. Importantly, excess amounts of eIF4A, but not eIF4E, relieved translational repression by Ago1-RISC ( Figures 5A-5D ). Because miRNA-mediated deadenylation was not affected by the addition of eIF4A ( Figure S3E ), the desilencing effect by excess eIF4A is specific to translational repression.
We then analyzed the UV crosslinking in the presence of excess amounts of His-tagged eIF4E or eIF4A. Crosslinking of endogenous eIF4E and eIF4A was replaced by exogenous counterparts as their concentrations were increased (Figures 5E and 5K) . Addition of eIF4E did not affect the efficiency of Ago1-RISCmediated dissociation of eIF4A ( Figures 5E-5H ), supporting the idea that Ago1-RISC inhibits translation initiation downstream of the cap recognition by eIF4E. In contrast, addition of eIF4A relieved the dissociation of eIF4A ( Figures 5I-5L ), much as it derepressed translation ( Figure 5D ). These data highlight the functional significance of eIF4A dissociation in miRNA-mediated translational repression.
GW182 and PABP Are Not Essential for miRNA-Mediated eIF4A Dissociation
We and others have previously shown that, although GW182 is essential for miRNA-mediated deadenylation and decay, it is not a prerequisite for translational repression Wu et al., 2013) . Indeed, knockdown of GW182 to an undetectable level did not compromise translational repression by Ago1-RISC ( Figures S4A and S4B ), while deadenylation was completely blocked ; data not shown). Importantly, eIF4A dissociation was not abrogated by the depletion of GW182 ( Figures S4C-S4E ), suggesting that Ago1-RISC can induce dissociation of eIF4A independently of GW182.
It has been implicated that PABP is involved in miRNA-mediated gene silencing through its interaction with GW182 (Fabian et al., 2009; Zekri et al., 2009; Huntzinger et al., 2010) . However, studies in zebrafish embryos and our fly in vitro system showed that PABP is not essential Mishima et al., 2012) . To examine the role of PABP and the poly(A) tail in Ago1-RISC-mediated dissociation of eIF4A, we prepared reporter mRNAs lacking the poly(A) tail ( Figure S5A ). The poly(A) À reporter mRNAs were susceptible to Ago1-RISC-mediated translational repression ( Figure S5B ) and eIF4A dissociation , albeit to a lesser degree than the poly(A) + reporter mRNAs ( Figures 3B-3E) . Moreover, addition of excess GST-PABP, which protects the poly(A) tail from miRNA-mediated deadenylation , had no effect on translational repression or dissociation of eIF4A ( Figures  S5F-S5J ). Thus, Ago1-RISC is capable of inducing dissociation of eIF4A without PABP or the poly(A) tail.
Direct Tethering of GW182 Causes Dissociation of Both eIF4E and eIF4A
While Ago1-RISC can mediate repression of translation initiation independently of GW182, direct tethering of GW182 to the target mRNA is also capable of inducing repression of translation initiation independently of Ago1 (Behm-Ansmant et al., 2006; . To elucidate the mechanism by which tethered GW182 blocks translation initiation, we prepared lN-HA-tagged GW182 and a 2U or 13U target mRNA bearing five BoxB sequences. (Figures 6A and 6B ). As previously reported , directly tethered GW182 induced translational repression in a deadenylation-independent manner ( Figures 6C and S6A ). Interestingly, in contrast to the result with Ago1-RISC, tethered GW182 induced dissociation of both eIF4A and eIF4E ( Figures 6D-6F ). Depletion of Ago1 affected neither translational repression ( Figures S6B and S6C ) nor dissociation of eIF4E and eIF4A mediated by tethered GW182 (Figures S6D-S6F ), suggesting that tethered GW182 employs an Ago1-independent mechanism to block assembly of the eIF4F complex.
Recent RNA-immunoprecipitation analyses showed that GW182 induces dissociation of PABP from the target mRNA independently of deadenylation (Moretti et al., 2012; Zekri et al., 2013) . Given that PABP stabilizes binding of initiation factors to the mRNA ( Figures 2H, 2I , S1I, and S1J), it is possible that GW182-mediated dissociation of eIF4E and eIF4A is a consequence of PABP dissociation from the target mRNA. To test this possibility, we performed UV crosslinking experiment using target mRNA lacking the poly(A) tail ( Figure 6G ). Even in the absence of the poly(A) tail, directly tethered GW182 could repress translation ( Figure 6H ) and induce dissociation of both eIF4E and eIF4A ( Figures 6I-6K) . Moreover, neither translational repression nor dissociation of eIF4E and eIF4A by GW182 tethering was affected by the addition of excess GST-PABP ( Figures S6G-S6I ). Taken together, tethered GW182 employs a PABP-independent mechanism to block assembly of the eIF4F complex.
Canonical Targeting of miRNAs Dissociates eIF4A without Apparent Effect on eIF4E
Under physiological conditions, GW182 does not directly bind to mRNAs but is recruited to miRNA targets via its interaction with Ago1-RISC, in which the guide miRNA recognizes complementary bindings sites in the target mRNAs. As described above, we have shown that targeting of Ago1-RISC specifically dissociates eIF4A independently of GW182 ( Figures S4C-S4E ), while direct tethering of GW182 dissociates both eIF4E and eIF4A in the absence of Ago1 (Figures S6B-S6F) . How much does then GW182 contribute to blocking of eIF4F assembly when it is recruited via natural miRNA targeting instead of direct tethering? Our in vitro system requires overexpression of Ago1 in S2 cells in order that an RNA-free pool of Ago1 can be programmed by exogenous miRNAs in lysate, producing a condition where Ago1-RISC is in excess of GW182. We therefore mixed our in vitro system containing FLAG-Ago1 and a double volume of lysate from S2 cells overexpressing HA-tagged GW182 or GFP as a control (the concentration of programmable FLAG-Ago1 was thus 3-fold diluted from that in the regular condition) (Figure S7A) . Supplementation of additional GW182 enhanced Ago1-RISC-mediated deadenylation of mini-let-7-A 114 (Figure S7B ) and deadenylation-independent translational repression of Rluc-let-7-A 114 -N 40 ( Figure S7C ). Moreover, both eIF4E crosslinking and eIF4A crosslinking to sORF-let-7-A 114 -N 40 were decreased by the additional GW182 ( Figures S7D and S7E) . These results suggest that GW182 can potentially contribute to repression of translation initiation when it is recruited to target mRNAs via Ago1-RISC rather than via direct tethering.
To examine the contribution of GW182 to translational repression in a more natural setting, we prepared lysate from S2 cells transfected only with the plasmid expressing pri-let-7. Because neither Ago1 nor GW182 was overexpressed, these two proteins should maintain their physiological stoichiometry in this lysate. Translation of Rluc-let-7-A 114 -N 40 was substantially derepressed by the addition of a 2 0 -O-methylated antisense oligonucleotide (ASO) perfectly complementary to let-7 (antilet-7) compared to the addition of a nonspecific ASO (antimiR-9b) ( Figure 7A ), indicating that the reporter was specifically repressed by endogenous Ago1-RISC that had been programmed by let-7. We then performed UV crosslinking with the sORF let-7 target in the presence of anti-let-7 or anti-miR-9b as a negative control. We found that crosslinking of eIF4A was markedly increased by anti-let-7, whereas crosslinking of eIF4E showed no or little change ( Figures 7B-7D ). We concluded that miRNA-mediated translational repression accompanies dissociation of eIF4A but not eIF4E at the physiological stoichiometry between Ago1 and GW182 in S2 cell lysate. This is in line with the result of the luciferase assay using the deadenylationresistant Rluc-let-7-A 114 -N 40 -HhR reporter in S2 cells, where strong derepression was observed specifically when eIF4A was depleted from the cells ( Figure 1C ).
DISCUSSION
Here, we show that fly Ago1-RISC induces dissociation of eIF4A without affecting the cap recognition by eIF4E (Figure 3) . Although we could not detect eIF4G via any of the crosslinking positions spanning from 2 nt to 13 nt downstream of the cap (data not shown), we have previously shown that noncanonical translation driven by direct tethering of eIF4G to the 5 0 UTR was fully susceptible to translational repression by Ago1-RISC (K) Change in the amount of crosslinked eIF4E and eIF4A by direct tethering of GW182 or LacZ relative to mock tethering. The signal intensity of the bands in (I) and (J) was quantified, and the ratio between the values in the presence or absence of the BoxB binding site was calculated. The mean values ± SD from three independent experiments are shown. See also Figure S6 . . Therefore, we reason that Ago1-RISC directly targets eIF4A rather than eIF4E or eIF4G. In the accompanying paper, Fukao et al. revealed that human Ago2-RISC specifically induces dissociation of eIF4A-both eIF4AI and eIF4AII-without affecting eIF4E or eIF4G in a cell-free system deriving from HEK293F cells (Fukao et al., 2014) . Thus, eIF4A is likely a target of miRNA action conserved among species. In agreement with this model, miRNA-mediated gene silencing is cancelled by the eIF4A inhibitors silvestrol (Fukao et al., 2014) , hippuristanol, or pateamine A (Leung et al., 2011; Meijer et al., 2013) in human cells. GW182 is a well-known interactor of miRNA-associated Ago proteins and is a prerequisite for miRNA-mediated deadenylation/decay of target mRNAs (Behm-Ansmant et al., 2006) . GW182 directly binds to both NOT1 and CAF40/CNOT9, thereby recruiting the CCR4-NOT deadenylase complex to the target mRNA (Braun et al., 2011; Chekulaeva et al., 2011; Fabian et al., 2011; Chen et al., 2014; Mathys et al., 2014) . It has been suggested that the CCR4-NOT complex not only shortens the poly(A) tail but also plays a role in miRNA-mediated translational repression, because direct tethering of the CCR4-NOT complex was capable of inducing translational repression independently of deadenylation (Cooke et al., 2010; Braun et al., 2011; Chekulaeva et al., 2011) . Meijer et al. (2013) originally proposed that, in humans, the CCR4-NOT complex specifically binds to eIF4AII (but not to eIF4AI) to repress translation. However, this model was challenged by recent studies showing that, although the MIFG4 domain of human CNOT1 structurally resembles the middle domain of eIF4G, it does not bind eIF4AI or II but instead partners with the DEAD-box RNA helicase DDX6 (Chen et al., 2014; Mathys et al., 2014) , which has been implicated in repression of translation initiation (Coller and Parker, 2005; Minshall et al., 2007; Cooke et al., 2010) and/or translation elongation (Sweet et al., 2012) as well as activation of decapping (Coller et al., 2001; Fischer and Weis, 2002) . Given that miRNAs mediate gene silencing via multiple different pathways, recruitment of DDX6 by GW182 via the CCR4-NOT complex may well play a role in inhibiting protein synthesis from miRNA targets. Indeed, we observed strong dissociation of both eIF4E and eIF4A by direct tethering of GW182 (Figure 6 ). However, at the physiological stoichiometry between Ago1 and GW182 in S2 cell lysate, eIF4A was specifically dissociated without apparent effect on eIF4E by canonical miRNA targeting (Figure 7) , which is in agreement with the result of the reporter assay in S2 cells depleted of each eIF4F component (Figure 1) . We envision that, although GW182 is clearly essential for miRNA-mediated deadenylation, the degree of contribution of GW182 to translational repression can vary in different cell types and conditions, depending on the concentrations of GW182 and Ago proteins (Schneider et al., 2006 ; the expression of GW182 is very low in the Drosophila first instar larvae), as well as their protein interaction networks that are subject to regulation by extracellular signaling (Horman et al., 2013; Olejniczak et al., 2013; Wu et al., 2013) . In this regard, direct tethering of GW182 may potentially overestimate its role in miRNA-mediated translational repression.
How could Ago1-RISC specifically dissociate eIF4A from the initiation complex? We have previously shown that none of GW182, the CCR4-NOT complex, or PABP is required for translational repression by Ago1-RISC . Our current data extend these findings to reveal that Ago1-RISC can induce dissociation of eIF4A independently of GW182 or PABP ( Figures S4 and S5) . It is tempting to speculate that an as-yet-unidentified factor associated with Ago1-RISC, or perhaps Ago1-RISC itself, blocks the interaction between eIF4G and eIF4A (e.g., similarly to Programmed Cell Death 4 [PDCD4] whose tandem MA-3 domains compete with the MA-3 domain of eIF4G to bind the N-terminal domain of eIF4A, thereby displacing eIF4A from the eIF4F initiation complex) (Yang et al., 2003 (Yang et al., , 2004 LaRonde-LeBlanc et al., 2007; Waters et al., 2007; Suzuki et al., 2008; Chang et al., 2009) . Alternatively, Ago1-RISC might directly or indirectly inhibit the ATP-dependent RNA-binding activity of eIF4A, which is tightly regulated by its accessory proteins eIF4B and eIF4H (Abramson et al., 1988; Richter et al., 1999) . Future studies are warranted to determine how miRNAs block the assembly of the eIF4F translation initiation complex. See also Figure S7 .
EXPERIMENTAL PROCEDURES Reporter Assay in S2 Cells
Reporter assay in S2 cells was essentially performed as previously described , with minor modifications. After 2 days of soaking of dsRNAs, cells were reseeded at a density of 1 3 10 6 cells/ml in 6-well plates, and 400 ng of pAWH-Rluc-let-7-A114-N40-HhR was cotransfected with 400 ng of pAWH-Fluc and 1 mg of pASW-pri-let-7 or empty pASW (Iwasaki et al., 2010) using X-tremeGENE HP (Roche).
Preparation of S2 Cell Lysate S2 cells were harvested and washed once with PBS. Cell pellets were resuspended in an equal volume of hypotonic lysis buffer (10 mM HEPES-KOH [pH7.4], 10 mM KOAc, 1.5 mM Mg(OAc) 2 , 5 mM DTT, 1 3 EDTA-free protease inhibitor cocktail [Roche] ) and incubated for 15 min on ice. Subsequently, cells were vortexed for 30 s, centrifuged 17,000 rpm for 20 min at 4 C, and the supernatant was collected.
Transfection for Lysate Preparation S2 cells (1.0 3 10 6 cells/ml) were transfected with 10 mg pAFW-Ago1 (Kawamata et al., 2009), 10 mg pAC5.1-lN-HA-GW182, 5 mg pAC5.1-lN-HA-LacZ (Chekulaeva et al., 2009) , 10 mg pANHW-GW182, or 10 mg pANHW-GFP per 10 ml culture using X-tremeGENE HP (Roche) and cultured for 72 hr. For the let-7 expression lysate, S2 cells (1 3 10 6 cells/ml) were transfected with 10 mg of pASW-pri-let-7 per 10 ml culture using X-tremeGENE HP (Roche). After 2 days, the cells were reseeded at a density of 1 3 10 6 cells/ml, further transfected with 10 mg of pASW-pri-let-7 per 10 ml culture using X-tremeGENE HP (Roche), and cultured for 72 hr.
RNAi S2 cells were seeded at a density of 1.0 3 10 6 cells/ml in 10-cm dishes and 20 mg dsRNAs were added in the media. One day after soaking, S2 cells were transfected with 10 mg pAFW-Ago1 using X-tremeGENE HP (Roche) and further cultured for 72 hr. Preparation of dsRNAs has been descried previously .
In Vitro Translation
In vitro translation assays were typically performed in 10 ml reaction mixture. Five micro liter of S2 cell lysate, 3 ml of 40 3 mix, and 1 ml of 500 nM let-7/ let-7* duplexes were first incubated at 25 C for 30 min. Subsequently, a total of 1 ml of 5 nM reporter Rluc mRNA and 5 nM control Fluc mRNA was added, and the reaction was further incubated at 25 C for 60 min. The reaction was quenched by 100 ml of 1 3 Passive Lysis Buffer (Promega), and 10 ml of the mixture was used for the luciferase assay (Dual-Luciferase Reporter Assay System, Promega). The Rluc/Fluc luminescence was normalized to the value of no Ago1-RISC programming. The graphs show means and SD from three independent trials.
UV Crosslinking
Typically, 5 ml of S2 cell lysate, 3 ml of 40 3 mix, and 1 ml of 500 nM let-7/let-7* duplexes were first incubated at 25 C for 30 min. Subsequently, 1 ml of $5 nM cap-radiolabeled target RNA was added, and the reaction was further incubated at 25 C for 30 min. Subsequently, reaction mixtures were crosslinked with a long wave UV 365 lamp (UVP) for 15 min on ice. After treatment with 1 mg of RNaseA (Nacalai tesque) for 60 min at 37 C, proteins were separated by 10% SDS-PAGE. Gels were analyzed by PhosphoImager (FLA-7000, Fujifilm Life Sciences).
In Vitro Deadenylation
Typically, 10 ml of S2 cell lysate, 6 ml of 40 3 mix, and 2 ml of 500 nM let-7/let-7* duplex were incubated at 25 C for 30 min. Subsequently, 2 ml of $5 nM 5 0 capradiolabeled target RNA was added, and the reaction was further incubated at 25 C. At each time point, 3 ml of the reaction mixture was taken, and the reaction was stopped by adding 110 ml Proteinase K mixture (300 mM NaCl, 25 mM EDTA, 2% SDS, 2 mg/ml Proteinase K, and 0.2 mg/ml glycogen). After incubation at 65 C for 20 min, RNA was ethanol precipitated and separated on 5% denaturing PAGE. Gels were analyzed by PhosphoImager (FLA-7000, Fujifilm Life Sciences).
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(E) Ago1-RISC-mediated deadenylation of mini-let-7-A 114 mRNA in the presence of 10 μM His-eIF4A. Addition of excess eIF4A did not affect the kinetics of deadenylation. The 5´ UTR sequences of the 2U and 13U reporter constructs are shown in Figure 2B . 
Extended Experimental Procedures
General methods Preparation of 40× reaction mix (containing ATP, ATP regeneration system, GTP, amino acids, and
RNase inhibitor) and lysis buffer (30 mM Hepes-KOH (pH 7.4), 100 mM KOAc and 2mM
Mg(OAc) 2 ) has been described in detail (Haley et al., 2003) .
Plasmid Construction

pUC57-sORF-vha68-1-A 114
A DNA fragment containing 3´ UTR of vha68-1 mRNA was amplified by PCR from Drosophila S2 cDNA using the primers (5´-GGG GGC TCG AGG CGG AAA CGG ACA GAA ACC A-3´) and (5´-CCC CCG CGG CCG CTT TGT AAC ATT CAT AAT ACA-3´) and inserted into the XhoI and NotI sites in pUC57-sORF-let-7-A 114 
pUC57-sORF-2U-let-7-A 114 and pUC57-sORF-2U-vha68-1-A 114
Two DNA fragments (5 -GGG GGG AGC TCT AAT ACG ACT CAC TAT AGT AGA GAG AGG ATC CAT GGG GGG G -3 ) and (5 -CCC CCC CAT GGA TCC TCT CTC TAC TAT AGT GAG TCG TAT TAG AGC TCC CCC C -3 ) were annealed and inserted into the SacI and NcoI sites in pUC57-Rluc-A 114 , pUC57-Rluc-BoxB-A 114 , pUC57-Rluc-let-7-A 114 , pUC57-Rluc-vha68-1-A 114 , pUC57-sORF-A 114 , pUC57-sORF-BoxB-A 114 , pUC57-sORF-let-7-A 114 ) and pUC57-sORF-vha68-1-A 114 , respectively. Two DNA fragments (5 -GGG GGG AGC TCT AAT ACG ACT CAC TAT AGA AGA GAG AGG ATC CAT GGG GGG G -3 ) and (5 -CCC CCC CAT GGA TCC TCT CTC TTC TAT AGT GAG TCG TAT TAG AGC TCC CCC C -3 ) were annealed and inserted into the SacI and NcoI sites in pUC57-Rluc-A 114 , pUC57-Rluc-BoxB-A 114 , pUC57-Rluc-let-7-A 114 , pUC57-Rluc-vha68-1-A 114 , pUC57-sORF-A 114 , pUC57-sORF-BoxB-7-A 114 , pUC57-sORF-let-7-A 114 ) and pUC57-sORF-vha68-1-A 114 , respectively.
pUC57-Rluc
pCold-His-eIF4E and pCold-His-eIF4A
A full-length eIF4A or eIF4E coding region was amplified by PCR from Drosophila S2 cDNA using primers (5´-GCT CGG TAC CCA GCT GAT GGA TGA CCG AAA TGA GAT -3´) and (5´-ATT CGG ATC CCT CGA TTA AAT CAA ATC GGC AAT AT-3´) or (5´-GCT CGG TAC CCA GCT GAT GCA GAG CGA CTT TCA CAG-3´) and (5´-ATT CGG ATC CCT CGA CTA CAA AGT GTA GAT CGA TT-3´) and cloned into XhoI-digested pCold I (Takara Bio) by using
In-Fusion HD Cloning Kit (Clontech).
pENTR-eIF4G
A full-length eIF4G coding region was amplified by PCR from Drosophila S2 cDNA using primers (5´-CAC CAT GCA ACA GGC TAT ACC AAC-3´) and (5´-TTA GTT GGC ATC ATC GTT TA-3´), and inserted into pENTR/D-TOPO (Invitrogen). annealed and blunt-ended by PCR. Subsequently, the fragment was inserted into EcoRV and SacII-digested pAHW (The Drosophila Gateway Vector Collection) using In-fusion HD (Clontech).
pANHW-GW182
A full-length GW182 coding region was amplified by PCR from Drosophila S2 cDNA using primers (5´-CAC CAT GCG TGA AGC CCT TTT TTC-3´) and (5´-TTA ATC ATC AAC AAT GGA AT-3´). The PCR fragment was cloned into pENTR-D-TOPO (Invitrogen), followed by recombining with pANHW destination vector using LR clonase (Invitrogen).
pANHW-GFP
A full-length EGFP coding region was amplified by PCR from pEGFP (Clontech) using primers (5´-CAC CAT GGT GAG CAA GGG CGA GGA GCT-3´) and (5´-TTA CTT GTA CAG CTC GTC CA-3´). The PCR fragment was cloned into pENTR-D-TOPO (Invitrogen), followed by recombining with pANHW destination vector using LR clonase (Invitrogen). Double-stranded RNAs (dsRNA) corresponding to the open reading frame of GFP, Ago1, and GW182 mRNAs were prepared as previously described (Forstemann et al., 2005; 
Preparation of double-stranded RNAs for RNAi
